INTRODUCTION

Intent
The apparent correlation between regional structures and vent alignments in many cinder cone fields has suggested that vents are located at the top of vertical fractures along which magma ascends [Kear, 1964; Nakamura, 1977; Settle, 1979] . Vent alignments and parallel dikes [Delaney et al., 1986] zone [Brumbaugh, 1987] . Although the physiographic boundary of the Colorado Plateau is well defined and abrupt, the tectonic boundary of the plateau on its southernmost margin is indistinct. Aldrich and Laughlin [1984] have suggested the SVF lies at the southwestern end of the Jemez lineament. The Jemez lineament hypothesized by these workers is a broad (=50 lcm wide), N52øE trending, tectonically active zone, characterized by volcanic fields and N25øE striking en echelon faults, which, along with an inferred Precambrian province boundary, delineates the southeastern margin of the plateau (Figure 1 [1987, 1990] .
Briefly, this cluster analysis provides a means of recognizing modes in vent distribution in a quantitative way.
The method is considered robust because even if two clusters Distribution of distances (in meters) to nearest-neighbor vent by overlap slightly, they will still be recognized as two distinct quartile for various platform-type and volcanic-type cinder cone fields clusters. A circle of radius r is drawn about each vent within [Settle, 1979; Connor, 1987 adverse effect on the results unless vent density is low and clusters are poorly developed. The single linkage clustering process continues repetitively until a stable number of clusters is found. A map is then made, showing the distribution of individual vents by cluster membership. Of course, changing the search radius, r, will change the number of clusters on this map. Therefore the analysis is repeated using many search radii. If clustering is a significant feature of vent distribution, then the number of clusters, and more particularly the distribution of clusters, will not change or will change only slightly with changing search radius. For SVF vents, the change in the number of vent clusters with changing search radius is illustrated in Figure 4 . At search radii greater than 6000 m, a single cluster exists with four outliers. Between 6000 and 5500 m, several large clusters form, and at search radii less than approximately 4200 m, these large clusters begin to pull apart in an apparently random manner, and the number of clusters with decreasing search radius begins to increase much more rapidly (Figure 4) .
A total of 12 maps was produced, illustrating the distribution of vents by cluster membership at different search radii. Seven clusters persist over a range of search radii (see produced by some underlying geological mechanism, such as anisotropy in the stress field. The basis of the two-point method is a Monte Carlo simulation. Any two vents in the volcanic field lie along a line. As a farst step in the analysis, lines are drawn from each vent through all other vents in the field. The azimuth of each of these lines is measured, resulting in a total of n(n-1)/2 azimuths, where n is the number of vents. The number of twopoint alignments of a given orientation will depend on both the presence of vent alignments and the shape of the boundary of the volcanic field, since vent pairs tend to align in a preferred orientation if the entire field is elongate. The Monte Carlo simulation is made to correct for the effect of field shape. In this case, we followed Lutz's [1986] example and chose the vents at the margin of each cluster as the vertices of a polygonal area for the Monte Carlo simulation. For each simulation, n points were randomly plotted within this area, each point representing the location of a vent. The azimuth from each point to every other point within the polygon was found, and the cumulative frequencies were compared with the observed vent azimuth frequency distribution at 10 ø intervals. If actual vents tend to align preferentially in a given orientation, this will emerge through comparison with the Monte Carlo results, using a t test [Lutz, 1986] .
The two-point azimuth method was applied on a cluster by cluster basis to the seven largest clusters in the field ( Figure  5 ). The outcome of the analysis indicates that significant anisotropy exists in the distribution of cinder cones within each cluster. Significant azimuthal orientations are found within each cluster at the 95% confidence level ( Table 2) fracture zone sizes. Experimentation showed that the number and orientation of alignments did not vary significantly by changing these parameters. The Hough transform is sensitive to the number of cinder cones used in the analysis and the shape of the cinder cone cluster. The more cinder cones in a cluster, the more likely it is that several cinder cones will align. If a cluster is elongate, alignments will likely be found in the direction of elongation. Consequently, we were careful to compare the results of the Hough transform with the results of the two-point azimuth method, which takes cluster shape into account.
Within each cluster, one or two alignments that consist of numerous vents were identified using the Hough transform. Most of these alignments have orientations similar to those recognized as significant using the two-point azimuth method at the 95% confidence level. These alignments consist of six and usually seven or more vents, usually in proportion to the number of cinder cones in the entire cluster ( Figure 5 ; Table 2 ).
These alignments were identified within each cluster independently. Nonetheless, the alignments often meet, nearly meet, or can be extrapolated across cluster boundaries. This is particularly true for alignments in the central and southern portion of the field. Vent alignments C, E, and I create a nearly continuous alignment with an arcuate shape which spans the southern half of the field and which is approximately 65 km in length. This alignment divides in the central portion of the field, within cluster 3, east of which a second arcuate alignment forms (alignments F, t3, and H of Figure 5 ).
In five cases, the Hough transform identifies alignments which consist of six or more aligned vents and do not correspond to significant orientations found using the twopoint azimuth method (Table 2; Figure 5 ). Two of these are found in the NW part of the field within an elongate cluster (cluster 1). The two-point azimuth method minimizes the effect of cluster shape, and as a result any trend in this orientation is difficult to identify with the two-point method. Another such alignment is located in cluster 2 and has an azimuth of 020 ø . This alignment consists of nine cones and transects the entire cluster. ClUsters are numbered as in Figure 5 . The results of the two-point azimuth analysis are reported for each cluster. All orientations, calculated at 10 ø intervals, found to be significant at the 95% confidence level are given (except the asterisk, for which the confidence interval is 90%). Specific alignments are identified using the Hough transform; these are identified by letter as in Cinder cone fields may form in areas having relatively low magma supply rates [Fedotov, 1981; Hasenaka and Carmichael, 1985] . Given a low magma supply rate, conduits are not maintained in the crust and individual magma batches ascend varied pathways to the surface, rather than ascending in the same conduit repeatedly [Fedotov, 1981] classified rocks in the SVF as alkali olivine basalts (AOB), evolved alkaline rocks (EAR, including hawaiite, mugearite, and benmoreite), and tholeiite. Applying their classification, we find a systematic change in the ages of the three rock types from cluster to cluster. Within individual clusters, the average age of AOB rocks is greater than the average age of EAR rocks (Table 3) (Figure 3) . Although the EAR rocks in cluster 3 are on average younger than those found further east, the variance in the ages of rocks in this cluster is larger than that of other clusters (Table 3 ). In fact, some of the oldest EAR rocks found in the field occur within this cluster. Similarly, cluster 2, which contains on average comparatively old AOB and EAR rocks, also contains some of the youngest. Apparently the eruption of magmas is influenced by additional factors, some discussed below, complicating the general west to east pattern of vent migration.
STRUCTURAL FEATURES AND VENT
DISTRIBUTION
Several authors have suggested that a coincidence between areas of magma generation and faulting or fracturing of the crust is necessary for the emplacement of platform-type volcanic fields. Without this coincidence, magma will likely form intmsives [Kear, 1964; Settle, 1979; Fedotov, 1981 The quantitative methods used in this study have enabled us to accurately map subtle vent alignments in the SVF in a reproducible manner. These vent alignments are similar in nature to regional volcanic alignments defined by Kear [1964] , in that they are regional in extent (some are over 25 km long) and vents comprising the alignment are not necessarily aligned, but are nearly aligned. All vent alignments we have identified meet the highest quality ranking (A) used by Zoback Figures 3 and 5) .
The structural pattern deduced from the analysis of vent distribution and the mapping of faults and flexures is the result of tensional stresses that have been present during the PlioQuaternary. Stress orientations in the SVF have, on average, been radial to the Colorado Plateau during the formation of the field. Models of plateau uplift have demonstrated that tensional stresses in the SVF should be radial to the plateau if the field rests on or near the tectonic boundary of the plateau [Thompson and Zoback, 1979; Brumbaugh, 1987] . Some structures, such as pull apart basins, are consistent with clockwise rotation of crustal blocks in this region [Crumpier et al., 1989 ] and of the plateau as a whole Gordon, 1986, 1990; Steiner, 1986] , also suggesting that the field lies on or near the plateau's tectonic boundary. The stress orientation of N-S trending alignments may be a reflection of a small component of the dominantly E-W tension that is the hallmark of the Basin and Range Province [Zoback, 1989] . 
CONCLUSIONS
A total of 404 out of 409 vents mapped in the SVF form seven clusters, using a cluster search radius of 4500 m. These vent clusters have significantly different ages, especially when differentiated by petrologic type. The observed general decrease in cluster age from west to east supports the previously proposed hypothesis that volcanism in the SVF migrates owing to the motion of the North American Plate relative to a fixed mantle source, with activity waxing and waning cluster by cluster in a partially overlapping manner.
However, the distribution of clusters and some inconsistencies in the age data suggest that this vent migration pattern is complicated by additional factors, including regional structure as inferred from vent alignments that transect parts of the SVF. Most prominent alignments trend WNW in the western SVF and ENE in the eastern SVF. These different trends intersect in the south central portion of the field, where magmatism was most enduring and cinder cone density is greatest. Other orientations, particularly those observed in local structures and some cinder cone alignments, indicate that local variability in the stress field complicated the patterns of cinder cone emplacement considerably. The vent alignments indicate the presence of fractures or faults, along which magma ascended more readily than elsewhere. The fact that most are subparallel to regional physiographic features, such as the Mogollon Rim, suggests that the overall arcuate pattern observed in cinder cone alignments is a reflection of the structural margin of the Colorado Plateau. This supports the conclusion of Zoback and Zoback [1989] that stress fields near tectonic boundaries reflect structural transitions. The fractures or faults implied by vent alignments within the SVF may be related to extension associated with deformation of the plateau margin, and to a lesser degree to a minor Basin and Range imprint. While the implied structures are regional in extent, they appear to differ significantly from those in other plateaumarginal fields in that they cannot clearly be related to major reactivated Precambrian structures, which are lacking around the SVF. Our vent alignment data differ significantly from those seen by other workers in the Zuni-Bandera and Mount Taylor fields, suggesting that if response to a common stress field is a major criterion for inclusion in the proposed Jemez lineament, the SVF is not a part of this feature. Finally, we suggest that the southwestern tectonic boundary of the Colorado Plateau of Brumbaugh [1987] be extended southeastward to include the SVF on its southern boundary.
